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Microturbines  are  a  relatively  new  distributed  generation  technology.  Combined  heat  and  power, 
known  as  cogeneration,  can  be  considered  the  most  economical  attractive  investment  in  microturbines. 
Latest  technologies  and  increasing  energy  prices  are  propelling  this  technology  to  the  forefront.  This 
study  aims  to  review  the  current  state  of  utilization  of  microturbines  in  distributed  generation  as  a 
standalone  system  or  within  a  hybrid  system  to  supply  loads.  It  is  found  that  more  research  and 
development  effort  is  needed  to  improve  the  performance  of  microturbines,  integrate  them  with 
other  energy  sources  and  adopt  standards  and  regulations  to  connect  them  with  the  utility  grid. 
These  standards  shall  be  developed  to  serve  all  parties  and  take  into  account  regional  and  international 
requirements.  Furthermore,  complete  mathematical  modeling,  especially  for  fuel  consumption  is  still 
required.  The  development  of  small  scale  units  within  the  range  of  kilowatts  for  in-house  use  as  a 
backup  source  of  residential  PV  system  is  also  needed. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Distributed  energy  resources  refer  to  small  generating  units 
that  are  installed  and  interconnected  to  the  electric  power 
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distribution  system  near  load  locations.  They  are  not 
commonly  connected  to  a  bulk  power  transmission  system. 
Distributed  generation  typically  includes  renewable  genera¬ 
tion  and  fossil-fuel,  as  well  as  energy  storage  technologies. 
Distributed  energy  resources  are  generally  more  efficient,  since 
they  are  located  at  customer  load  sites,  rendering  transmission 
and  distribution  system  losses  less  compared  to  the  central 
station  generators  [1-3]. 
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Nomenclature 

FCC  fuel  consumption  cost  (€/h) 

P  active  power  (kW) 

Abbreviations 

Btu  British  thermal  unit 

CAST  gas  turbine 


G8 

group  of  eight  countries 

HHV 

higher  heating  value 

kW  he 

electrical  kW  h 

LHV 

lower  heating  value 

NO* 

nitrogen  oxide  gases 

P-Q 

active  power-reactive  power 

PV 

photovoltaic 

SO* 

sulfur  oxide  gases 

V-f 

voltage-frequency 

Distributed  generation  is  expected  to  play  an  important  role  in 
electricity  generation  in  the  near  future.  The  transition  from 
central  generation  that  requires  long  transmission  and  distribu¬ 
tion  networks  into  distributed  generation  has  gradually  taken  its 
place  as  a  result  of  deregulation  of  electric  utility  and  energy 
environment  considerations^].  Microturbine-generation  is  cur¬ 
rently  attracting  a  lot  of  interest  in  the  distributed  generation 
market  to  meet  user  needs  of  electricity.  They  can  be  considered 
one  of  the  main  sources  in  the  field  of  distributed  generation 
[5-9], 

Microturbines  are  a  relatively  new  distributed  generation 
technology.  They  are  small,  compact,  contains  high  speed  com¬ 
bustion  turbines  with  outputs  ranging  from  25  kW  to  500  kW 
[10-13].  They  are  commonly  being  used  for  stationary  energy 
generation  applications,  as  they  produce  both  heat  and  electricity 
on  a  relatively  small  scale.  The  microturbine  provides  input 
mechanical  energy  in  the  form  of  high  speed  rotation  to  the 
generator,  and  generator,  in  turn  converts  it  to  electrical  energy  [14]. 

Distributed  generation  using  microturbines  is  a  typical  solu¬ 
tion  for  standalone,  on  site  applications  remote  from  power  grids. 
Other  applications  are  cogeneration  (combined  heat  and  power 
generation),  peak  shaving,  standby  power  generation,  reliability 
increase,  power  boost  capacity,  cost  of  energy  decrease,  and 
pollutant  emission  reduction  [6,14-20]. 

Microturbines  offer  many  advantages  compared  to  other 
technologies,  including  long  life  time  (about  45,000  h),  light¬ 
weight,  small  size,  a  small  number  of  moving  parts,  fast  response, 
greater  efficiency,  lower  emissions,  lower  electricity  costs,  higher 
flexibility  and  opportunities  to  utilize  waste  fuels  with  less 
noise  compared  with  reciprocating  engines[l,6,14,16,21].  Because 
of  their  relatively  low  capital  costs,  small  size,  expected  low 
operation  and  maintenance  costs,  microturbines  are  expected  to 


take  a  significant  share  of  the  distributed  generation  market. 
Besides,  microturbines  offer  a  clean  and  efficient  solution  for 
direct  mechanically  driven  markets,  such  as  air-conditioning  and 
air  compression  [22]. 

Microturbines  are  well  suited  for  small  commercial  building 
such  as:  small  offices,  restaurants,  retail  stores,  hotels/motels, 
hospitals  and  small  industries  [11,23],  Currently,  vested  interest 
in  microturbine  development  involves  hybrid  vehicles.  Other 
ongoing  developments  to  enhance  microturbine  features  are  to 
use  it  within  a  hybrid  system  that  includes  other  renewable 
sources.  Compared  to  a  diesel  generator,  microturbines  have  more 
fuel  flexibility,  more  reliability,  less  maintenance,  less  noise  and 
less  pollution  [3]. 

Today’s  microturbines  technology  is  the  result  of  development 
work  beginning  in  the  1950s.  Much  of  this  work  was  done  by  the 
automotive  industry  [24].  Microturbines  began  initial  service  in 
1999-2000.  Table  1  summarizes  different  stages  of  development 
that  microturbines  passed  through  and  the  future  expectations 
for  this  technology  [7,15,20,24-26]. 


2.  Microturbine  construction  and  operation 

Microturbines  are  similar  to  gas  turbines  in  terms  of  design. 
Any  microturbine  is  constructed  of  the  following  main  parts 
[4,15]:  turbine  that  transforms  pressure  of  hot  gas  after  it  is 
expanded  through  it  into  motion,  alternator  that  generates 
electricity,  compressor  that  compresses  the  inlet  air  to  high 
pressures,  combustor  at  which  combustion  begins  between  the 
heated  compressed  air  and  the  fuel  after  they  are  mixed  and 
burned,  recuperator  which  used  as  a  heat  exchanger  to  transfer 


Table  1 

Development  stages  of  microturbines. 


Year 


Microturbine  development 


1950s 

1988 

1997 

1998 

1999-2000 
Late  1990s 
2000 
2000 

2003 

2010-expected 


2020-expected 


Began  research  [24] 

Capstone  turbine  corporation  began  developing  the  microturbine  concept  [24] 

Entered  field  testing  [24] 

Capstone  was  the  first  manufacturer  offering  commercial  power  products  [24] 

Entered  the  commercial  market  [24] 

Emerged  as  new  on-site  power  generation  technologies  [7]. 

Projected  to  find  acceptance  in  large  quantities  in  the  distributed  power  generation  field  [20] 

Electrical  efficiency =23-30%,  Overall  efficiency=65-75%,  Installed  cost=  1050-1300  Euro/kW, 

O&M  costs  =  0.5-1  C/kWh,  NO*  (kg/MW  h)  <0.217*  [15] 

Overall  efficiency =62%,  Installed  cost=1040  Euro/kW,  O&M  costs=1.2  C/kWh*.  For  100 kW  microturbine  [25] 
Electrical  efficiency =38-42%,  Overall  efficiency =70-80%,  Installed  cost =550-850  Euro/kW, 

O&M  costs  =  0.1 -0.2  C/kWh,  NO*  (kg/MW h)  <0.217*  [15] 

Electrical  efficiency =36%,  Overall  efficiency =82%,  Installed  cost=700  Euro/kW,  NO*  (kg/MW  h) 

<0.2*.  For  100  kW  microturbine  [26] 


O&M:  Operation  and  maintenance. 

C:  Euro  cent. 

*  Efficiency  calculations  are  based  on  the  HHV  of  the  fuel. 
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heat  from  the  exhaust  gas  to  air  before  it  enters  the  combustor 
and  power  electronics  section. 

Two  types  of  turbines  are  present:  the  single  shaft  and  the  split 
shaft.  Table  2  shows  a  comparison  between  the  two  types 
[4,14,15]  while  Fig.  1  [27]  and  Fig.  2  [28]  shows  schematic 
diagrams  for  single  shaft  microturbine  and  split  shaft  microtur¬ 
bine,  respectively. 

In  its  operation,  the  microturbine  is  similar  to  any  conven¬ 
tional  gas  turbine.  Its  operation  is  based  on  the  Bryton  cycle 
[11,27].  The  incoming  air  enters  the  compressor;  the  compressor 
in  turn  compresses  it  to  high  pressure  values.  The  pressurized  air 
enters  to  recuperator,  where  heat  is  transferred  from  the  exhaust 
gas  to  this  pressurized  air.  After  that,  the  heated  pressurized  air 
enters,  along  with  the  fuel,  to  the  combustion  chamber  where  the 
burning  begins.  The  result  of  this  is  a  very  hot  gas  at  high  pressure 
and  temperature.  This  pressurized  hot  gas  enters  the  turbine 
where  it  is  allowed  to  expand.  This  will  produce  the  energy  that  is 
used  to  drive  both  the  alternator  and  the  compressor.  The  driven 
alternator  generates  3  phase  power  at  high  or  normal  frequencies 
depending  on  the  type  of  shaft. 

The  exhaust  gas  from  the  turbine  is  allowed  to  pass  through  a 
heat  exchanger  (regenerator)  to  extract  heat  and  utilize  it  for 
different  purposes  (heating  space,  boilers,  cooling  systems,  etc.). 

The  inlet  air  is  filtered  before  it  enters  the  compressor.  In 
different  designs,  it  is  allowed  to  pass  through  the  alternator  and 
the  electronic  devices  for  cooling. 

The  microturbine  can  be  operated  in  different  modes  of 
operation  according  to  the  type  and  location  of  application  and 
availability  of  other  sources.  It  can  be  operated  as  a  main  source 
to  supply  certain  load  for  off-grid  applications,  as  a  standby 
source  for  on-grid  applications  instead  of  a  diesel  generator,  or 
within  a  hybrid  system  with  other  renewable  sources  for  on-  or 
off-grid  applications. 


3.  Microturbine  modeling 

Modeling  of  microturbine  (thermodynamic  behavior)  under 
different  modes  of  operation  can  be  found  in  different  previous 
research  works  [2,4,6,12,14,29-32].  These  modes  include  testing 
the  operation  of  the  microturbine  under  steady  state  and/or 
transient  (dynamic)  state,  stand  alone  or  within  a  hybrid  system. 
The  control  systems  involved  in  the  microturbine  system  that 
modeled  are  temperature  control,  fuel  flow  control,  speed  and 


acceleration  control.  The  temperature  control  acts  to  limit  the 
upper  bound  of  the  output  power.  The  fuel  flow  control  section 
adjusts  the  amount  of  fuel  entered  to  the  combustion  chamber  as 
load  changes.  The  speed  control  regulates  the  speed  of  the 
microturbine  at  different  load  conditions  while  the  acceleration 
control  limits  the  speed  rate  during  starting  up  of  the 
microturbine. 

The  modeling  of  microturbine  concerning  fuel  consumption 
and  its  relation  with  rated  power  and  output  power  supplied  by  it 
(economic  model)  can  be  found  in  Refs.[12,33-35], 


Recuperator 


Fig.  1.  Schematic  diagram  of  a  single  shaft  microturbine  [27]. 


Recuperator 


Fig.  2.  A  schematic  diagram  for  a  split-shaft  microturbine  [28]. 


Table  2 

Comparison  between  single  shaft  and  split  shaft  microturbines. 


Difference  item 

Microturbine  type 

Single  shaft 

Split  shaft 

Speed  of  rotation 

50,000-120,000 

3,000  or  3,600 

(rpm) 

Alternator  frequency 

1,500-4,000 

50  or  60 

(Hz) 

Coupling 

Turbine  and  alternator  are  directly  coupled 

Gear  box  is  used  to  couple  turbine  shaft  with  alternator  shaft 

Power  electronics 

Power  electronics  section  is  needed  to  convert  the  high  frequency 
AC  output 

voltage  into  DC  and  then  into  AC  with  frequency  of  50  Hz  or  60  Hz. 

No  need  for  power  electronics 

Alternator  type 

Usually  permanent  magnet  synchronous  generator 

Usually  induction  generator 

Maintenance 

Less  maintenance 

Higher  maintenance  because  of  additional  moving  parts. 

Cost 

Usually  higher  cost  because  of  the  power  electronics  section 
and  type  of  generator  used. 

Lower  cost 

Chances  of  failure 

Higher  chances 

Lower  chances  as  gearbox  is  more  robust  than  complex  power 
electronics  section. 

Dimensions  and 

Lower 

Higher  because  of  gearbox  and  the  lubricating  system 

weight 
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3.1.  Technical  modeling 

Gaonkar  and  Patel  [6]  presented  a  model  based  on  a  slow 
dynamics  of  a  single  shaft  gas  microturbines,  including  all  control 
systems  under  normal  operating  conditions  for  isolated  applica¬ 
tions.  Fast  dynamics  including  starting,  shutting  down,  loss  of 
power  and  internal  faults  were  neglected  in  their  model.  Further¬ 
more,  a  lead  lag  transfer  function  was  used  to  represent  the  speed 
controller.  The  results  of  simulation  of  their  model  showed  that  it 
is  suitable  for  slow  dynamic  studies,  and  at  the  same  time  has  the 
ability  to  adjust  in  order  follow  load  changes.  Fig.  3  illustrates  the 
Simulink  implementation  for  their  model,  while  Fig.  4  illustrates 
the  results  of  the  simulation  of  this  model  as  the  load  changes  at 
t=10  and  20  s.  In  their  model,  the  start-up  dynamics  associated 
with  starting  the  microturbine  as  a  motor  until  it  reaches  its 
nominal  speed  before  functioning  as  a  generating  system  were 
not  considered.  Besides,  the  recuperator  was  not  included  in  their 
model  whereas  the  recuperator  is  an  essential  part  of  the  micro¬ 
turbine  system  to  increase  its  efficiency.  In  Ref.  [4],  the  authors 


presented  a  dynamic  model,  assuming  that  the  torque  response  is 
a  first  order  system.  PSCAD/EMTDC  was  used  to  simulate  both  the 
microturbine  and  the  power  electronics  section.  In  this  reference 
as  in  Ref.  [6],  starting  period  and  recuperator  modeling  were  not 
considered.  The  results  of  different  simulation  tests  performed  on 
their  model  illustrate  that  this  model  is  suitable  for  standalone, 
grid  connected,  and  microgrids.  The  results  also  illustrate  that 
their  developed  model  can  quickly  follow  the  load  variations. 
Authors  of  Ref.  [14]  presented  a  simplified  model  of  microtur¬ 
bines  in  their  two  modes  of  operation;  namely,  islanded  mode 
and  grid  connected  mode,  with  the  simulation  performed  under 
different  load  conditions  with  and  without  speed  controllers. 
Temperature  and  acceleration  controls  and  recuperator  modeling 
were  not  considered  in  their  model  where  the  microturbine  was 
considered  to  operate  under  normal  conditions.  The  results  of 
their  tests  also  illustrate  that  their  models  are  capable  of  follow¬ 
ing  load  demands.  Their  results  were  compared  with  results  of 
other  studies  and  with  real  data  obtained  from  testing  a  similar 
system.  In  Ref.  [2],  authors  developed  a  model  which  is  suitable 


Fig.  3.  Simulink  implementation  of  microturbine  system  [6], 


Fig.  4.  Results  of  simulation  of  the  developed  model  of  the  microturbine  [6]. 
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for  driving  isolated  loads.  Besides  the  microturbine  model,  they 
developed  the  model  for  the  driving  system  to  test  its  function¬ 
ality  with  the  microturbine  system.  Simulink/MATLAB  was  used 
to  simulate  their  developed  model.  Modeling  of  recuperator  was 
not  included  in  their  model.  Their  simulation  results  show  that 
the  model  they  developed  is  appropriately  functioning  for  iso¬ 
lated  loads.  The  authors  of  Ref.  [12]  used  a  model  of  microturbine 
that  is  developed  by  General  Electric.  This  model  is  called  CAST 
model,  and  it  is  one  of  the  common  models  used  to  simulate  the 
behavior  of  gas  turbines  under  dynamic  and  steady  state  opera¬ 
tion.  The  same  model  was  used  and  tested  by  the  authors  of  Refs. 
[36,37].  The  purpose  of  these  two  studies  was  to  compare 
response  time  to  reach  the  steady  state  between  the  microtur¬ 
bines  and  the  fuel  cells.  The  results  indicate  that  the  microturbine 
is  faster  in  its  response.  It  has  a  better  capability  to  follow  load 
changes  which  makes  microturbines  are  suitable  for  distributed 
generation  applications.  Simulation  results  also  indicate  the 
effectiveness  of  using  CAST  model  to  describe  the  operation  of 
microturbines.  Fig.  5  illustrates  the  block  diagram  of  this  model, 
involving  different  required  controls  [12].  This  model  can  be 
simplified  by  omitting  part  of  the  controls  as  temperature  control 
and/or  acceleration  control  [10,14].  In  Ref.  [31],  the  authors 
developed  a  SIMULINK  model  for  a  microturbine  as  well  as  for 
machine  side  converter  controller.  The  results  of  their  model 
illustrate  its  ability  to  maintain  constant  speed  of  microturbine 
and  constant  DC  voltage  at  converter  output  without  any  dis¬ 
turbance.  The  reactive  power  required  by  the  system  is  obtained 
by  the  included  LCL  filter.  This  LCL  filter  also  reduces  the  high 
order  harmonics  at  the  load  side.  The  authors  of  Ref.  [32] 
developed  a  mathematical  model  that  includes  microturbine, 
synchronous  generator,  and  all  other  electronic  circuits.  Their 
results  show  that  their  model  is  useful  for  studying  the  behavior 
of  microturbines  when  connected  to  a  low  voltage  distribution 
system. 

In  the  previous  literature  concerning  the  technical  modeling  of 
the  microturbine,  different  models  were  developed  and  tested  by 
different  researchers.  The  purpose  is  to  simulate  the  operation  of 
the  microturbine  under  different  conditions,  to  test  the  ability  of 
different  controllers  to  maintain  the  operation  within  prescribed 
limits  and  to  investigate  the  capability  of  the  microturbine 
to  follow  load  changes  with  a  very  short  response  time.  The 


reviewed  results  indicate  this  although  some  of  reviewed  refer¬ 
ences  did  not  take  into  account  temperature  and  acceleration 
controls  as  their  effect  under  slow  dynamics  and  normal  opera¬ 
tions  is  so  limited.  All  of  the  previous  reviewed  references  did  not 
include  the  recuperator  in  their  models  of  the  microturbine.  Its 
effect  on  the  overall  dynamic  behavior  is  limited  as  it  has  a  slow 
response  time.  Furthermore,  these  references  did  not  consider  the 
starting  dynamics  associated  with  starting  the  microturbine  as  a 
motor  until  it  reaches  its  nominal  speed  before  functioning  as  a 
generating  system.  These  starting  dynamics  are  very  important 
for  the  microturbine  and  need  to  be  carefully  investigated  in 
future  researches. 

For  the  grid  connected  mode,  the  P-Q  control  strategy  has 
been  used.  In  this  strategy,  the  active  and  reactive  powers 
delivered  to  the  grid  are  controlled  by  setting  a  reference  values 
for  each  of  them.  Furthermore,  the  DC  rectified  voltage  in  the 
power  electronics  section  is  regulated  at  a  certain  set  value. 
For  the  islanded  (off-grid)  mode,  the  V-f  control  strategy  has 
been  used.  In  this  strategy,  the  output  AC  voltage  and  frequency 
are  regulated  at  desired  values  for  each  of  them.  For  the  dual 
mode  operation,  the  two  control  strategies  shall  be  considered  to 
ensure  proper  operation  of  the  microturbine. 

3.2.  Economical  modeling 

Kalantar  and  Mousavi  [12]  suggested  a  method  to  model  the 
fuel  cost  function  of  microturbines.  Their  model  depends  on  the 
fact  that  the  data  related  to  the  fuel  consumption  with  output 
power  is  known  from  the  manufacturer.  They  suggested  a  second 
order  equation  to  model  this  fuel  cost  function.  The  coefficients  of 
this  equation  can  be  determined  using  least  square  estimation 
algorithms  depending  on  the  clarified  points  of  this  fuel  cost 
curve  as  function  of  output  power. 

Alkhalil  et  al.  [33]  depended  on  data  measurements  taken  for 
the  Capstone  model  C30  microturbine  operating  on  natural  gas 
fuel.  These  measurements  are  for  fuel  flow  in  (Btu/h)  for  different 
loadings  supplied  by  the  microturbine.  The  power  of  these  loads 
ranges  from  2  kW  to  30  kW.  Their  results  indicate  that  the 
relation  is  approximately  linear.  Using  MS-EXCEL,  they  con¬ 
structed  another  curve  relating  fuel  consumption  cost  (FCC)  in 
(6/h)  and  the  load  power  (P)  in  (kW).They  found  a  trend  in  this 


Fig.  5.  GAST  model  of  the  microturbine  [12], 
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Fig.  6.  Fuel  cell-microturbine  hybrid  system  [38]. 


reconstructed  curve,  represented  by  the  quadratic  equation  as 
follows: 

FCC  =  0.0005  x  P2  +  0.1809  x  P+ 1.223  (1) 

where  1  Btu=293  x  10~6  kW  h  conversion  factor  and  0.0597 
€/kW  h  for  natural  gas  price  are  taken  into  account  to  reconstruct 
this  curve. 

This  mathematical  model  is  special  for  C30  Capstone  micro¬ 
turbines  with  the  natural  gas  price  as  mentioned.  This  model  can 
be  generalized  for  C30  model  considering  unknown  prices  of 
natural  gas.  Furthermore,  it  can  be  generalized  for  other  ratings  of 
microturbines  by  just  multiplying  it  with  a  rating  scale  factor. 
This  is  due  to  the  fact  that  the  curves  for  different  microturbine 
ratings  have  approximately  the  same  trend. 

Rahman  and  Pipattanasomporn  [35]  depended  on  a  curve 
relating  the  efficiency  of  a  30  kW  microturbine  with  the  corre¬ 
sponding  output  power.  They  sectionalized  the  curve  into  three 
linear  sections,  and  construct  an  equation  for  each  section  relat¬ 
ing  electrical  efficiency  to  output  power.  At  any  output  power, 
one  can  find  the  corresponding  efficiency,  and  determine  the 
corresponding  input  power  in  kW  h/h.  From  this  input  power,  one 
can  find  the  amount  of  Btu/h  and  depending  on  LF1V  of  natural 
gas,  the  amount  of  fuel  in  kg  or  m3  per  hour  can  be  found. 

All  the  reviewed  references  concerning  microturbine  fuel 
consumption  modeling  depended  on  the  manufacturer  data  to 
obtain  a  relation  between  the  fuel  consumption  and  the  output 
power.  The  fuel  consumption  model  is  a  microturbine  specific 
charecteristic.  Depending  on  the  available  datafrom  the  micro¬ 
turbine  manufacturer,  the  user  shall  develop  the  appropriate 
mathematical  model  that  can  be  used  for  further  microturbine 
applications  studies.  For  the  cases  where  the  fuel  consumption 
data  are  not  available,  one  can  depend  on  a  generelized  developed 
mathematical  model  relating  the  fuel  consumption  with  the 
output  power. 


4.  Modes  of  operation  of  microturbines 

As  previously  mentioned,  microturbines  can  be  operated  as  a 
standalone  source  to  supply  base  loads.  For  grid  connected 
applications,  they  can  be  operated  as  standby  or  peak  shaving 
sources.  Microturbines  can  be  operated  within  a  hybrid  system 
with  other  sources.  For  this  case,  they  can  be  operated  as  a  main 
source  or  a  standby  source.  A  hybrid  system  which  consists  of  a 
combination  of  more  than  one  type  of  generation  sources  can 
utilize  the  best  operating  features  of  these  sources.  For  most 
cases,  they  achieve  higher  efficiencies  compared  to  single  sources 
[38,39], 


4.1.  Hybridization  microturbine  with  fuel  cells 

This  mode  of  operation  was  analyzed  by  different  research 
works  [4,38,40,41].  Mohamed  et  al.  [4]  introduced  a  study  of  a 
microturbine  with  fuel  cells  to  work  as  a  standalone  or  to  be 
connected  to  a  micro  grid.  The  results  of  their  developed  model 
simulation  illustrate  how  the  load  is  distributed  between  the  two 
sources  in  both  modes  of  operation.  Their  results  showed  the 
feasibility  of  using  microturbine  and  fuel  cells  as  distributed 
generation  sources  in  a  microgrid.  Both  microturbine  and  fuel 
cell  can  quickly  regulate  their  outputs  to  meet  the  load  variation. 
Part  of  the  study  involved  in  Ref.  [38]  concerns  analyzing  the 
operation  of  solid  oxide  fuel  cell  with  microturbine.  Both  sources 
are  tightly  coupled  in  thermodynamic  cycles  with  each  other. 
Fig.  6  shows  the  two  sources,  coupled  to  the  same  thermody¬ 
namic  cycle  [38],  and  the  simulation  results  show  that  this  will 
improve  features  and  increase  the  efficiency  of  both  sources  in 
comparison  with  the  operation  of  each  separately.  According  to 
the  location  and  application  of  this  proposed  hybrid  system, 
different  types  of  fuels  can  be  used.  Martin  et  al.  [40]  presented 
a  hybrid  system  consisting  of  solid  oxide  fuel  cell  with  gas 
microturbine.  The  electrical  efficiency  of  the  solid  oxide  fuel  cell 
increases  as  a  result  of  hybridization  with  microturbine.  Further¬ 
more,  the  high  temperatures  of  the  exhaust  gases  can  be  utilized 
to  activate  the  trigeneration  systems  that  involve  absorption 
chiller  cooling.  The  electrical  efficiency  of  the  microturbine  will 
also  increase,  because  the  emitted  exhaust  gases  from  solid  oxide 
fuel  cell  are  burned  in  the  combustion  chamber  of  the  micro¬ 
turbine.  They  also  concluded  that  this  system  will  decrease 
emissions  and  provide  security  of  supply.  They  summarized 
different  possibilities  of  microturbine  integration  with  other 
types  of  energy  supplies  and  storage  systems.  Komatsu  et  al. 
[41]  analyzed  the  performance  of  a  hybrid  system  constructed  of 
fuel  cell  and  a  micro  gas  turbine.  In  their  study,  they  concluded 
that  using  this  hybrid  system  will  lead  to  higher  efficient  opera¬ 
tions,  and  these  higher  efficiency  values  can  be  maintained  even  if 
the  system  operates  at  partial  load. 

According  to  the  previous  literature  review  concerning  hybri¬ 
dization  microturbine  with  fuel  cells,  the  operation  of  the  two 
sources  when  coupled  to  the  same  thermodynamic  cycle  will 
increase  the  efficiency  of  both.  This  will  also  improve  features  of 
both  depending  on  the  fact  that  different  types  of  fuels  can  be 
used  and  the  high  exhaust  temperatures  can  be  utilized  for 
cogeneration  purposes.  For  separate  operation  within  the  same 
distributed  generation  system,  the  two  sources  can  quickly  follow 
load  changes  but  microturbines  respond  faster  than  fuel  cells. 
Storage  devices  are  needed  to  compensate  for  this  power  mis¬ 
match  when  fuel  cells  are  operated  in  standalone  modes  while 
using  microturbines  to  operate  in  parallel  with  the  fuel  cells  can 
help  in  reducing  this  need. 

4.2.  Hybridization  microturbine  with  other  renewable  sources 

Kalantar  and  Mousavi  [12]  proposed  a  hybrid  system  consist¬ 
ing  of  wind  turbine,  microturbine,  solar  array  and  battery  storage 
to  supply  an  isolated  load  far  from  utility  networks.  In  addition  to 
dynamic  modeling  of  different  components  constructing  this 
hybrid  system,  optimal  sizing  of  these  components  for  econom¬ 
ical  and  efficient  utilization  was  accomplished.  Energy  manage¬ 
ment  between  different  sources  was  controlled  by  a  suggested 
supervisory  controller.  Set  points  of  different  controllers  were 
automatically  adjusted  in  order  to  achieve  proper  operation  of  the 
system  under  different  conditions.  Microturbine  and  battery 
storage  were  selected  as  backup  sources  for  this  system.  Accord¬ 
ing  to  the  dispatch  strategy  considered  in  this  study,  the  priority 
is  to  supply  load  from  wind  turbine  and  solar  array.  Any  deficit 
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can  be  supplied  by  the  battery  and  the  microturbine.  Mousavi 
[42]  proposed  in  a  similar  study  a  hybrid  system  consisting  of 
wind  turbine,  tidal  turbine,  microturbine  and  storage  battery  to 
supply  offshore  loads.  The  same  methodology  used  in  [12]  was 
used  in  this  study  and  the  results  of  both  studies  indicate  the 
capability  of  such  systems  to  effectively  supply  isolated  loads.  In 
Ref.  [43],  the  evaluation  of  using  PV  and  combined  heat  and 
power  (not  micro  turbine)  as  a  hybrid  system  for  residential 
applications  is  performed.  This  study  concludes  that  adopting  this 
system  will  enhance  PV  penetration  level  as  an  electricity  source 
for  different  applications.  In  this  case,  the  combined  heat  and 
power  source  acts  as  a  standby  supply  to  match  the  PV  output 
during  the  day  and  at  the  same  time  a  source  for  heat  when  it  is  in 
the  run  mode.  The  results  of  this  study  can  be  generalized  for 
microturbines  when  operated  for  cogeneration  purposes.  In  Ref. 
[44],  the  authors  presented  a  hybrid  system,  consisting  of  wind 
turbine  and  a  microturbine  for  standalone  applications.  A  case 
study  depending  on  actual  residential  load  profile  and  real  wind 
data  was  analyzed.  Both  the  wind  turbine  and  the  microturbine 
with  all  required  controls  and  the  power  electronics  interfaces 
were  modeled  in  this  study.  The  power  dispatch  strategy  among 
different  sources  was  also  suggested.  The  system  performance 
was  evaluated  in  this  study,  and  the  simulation  results  indicated 
the  suitability  of  adopting  this  type  of  hybrid  systems  to  supply 
loads  within  distributed  generation  systems.  This  hybrid  system 
takes  advantages  of  wind  energy,  while  at  the  same  time, 
minimizes  microturbine  fuel  consumption  and  keeps  a  high  level 
of  reliability.  Mohamed  and  Koivo  [45]  presented  a  multiobjective 
mesh  adaptive  direct  search  approach  to  minimize  the  cost  and 
reduce  the  emissions  of  a  hybrid  system  consisting  of  wind 
turbine,  microturbine,  diesel  generator,  PV  array,  fuel  cell  and 
battery  storage.  A  comparison  was  made  between  their  approach 
and  other  optimization  approaches.  Their  presented  results 
ensure  the  effectiveness  of  their  proposed  approach  to  meet  the 
load  demand  and  minimize  the  overall  cost  of  the  system  and  its 
emissions. 

The  previous  reviewed  studies  concerning  hybridization  micro¬ 
turbine  with  renewable  sources  indicate  the  ability  of  microturbine 
to  be  integrated  with  other  sources  to  meet  load  demand.  The  use  of 
microturbine  as  a  backup  source  instead  of  diesel  generator  intro¬ 
duces  additional  benefits  for  the  hybrid  system  as  it  is  less  pollutant 
emissions  and  noise  generation  and  more  reliability  and  flexibility  to 
follow  load  changes.  Except  the  study  [43],  the  other  reviewed 
studies  in  this  subsection  dealt  only  with  the  electrical  output  of 
the  microturbine,  whereas  utilizing  the  cogeneration  (power  and 
heat)  feature  of  the  microturbine  will  surely  enhance  the  mentioned 
benefits  of  it  within  a  hybrid  system. 

4.3.  Utilization  of  microturbine  for  cogeneration  and  trigeneration 
purposes 

During  power  generation,  the  microturbine  simultaneously 
generates  thermal  energy.  Usually,  this  thermal  energy  is  dis¬ 
sipated  into  ambient  air.  However,  some  of  this  waste  thermal 
energy  generated  in  the  process  of  electricity  generation  can  be 
recovered  for  further  uses.  This  thermal  energy  can  be  directly 
and  totally  utilized  by  thermal  loads  (cogeneration  systems). 
In  cogeneration  systems,  this  thermal  energy  is  totally  utilized 
by  thermal  load,  while  in  trigeneration  systems,  part  of  it  can  be 
utilized  by  absorption  chillers  for  cooling  purposes.  Fig.  7  shows  a 
schematic  diagram  of  a  microturbine  in  a  combined  power  and 
heat  (cogeneration)  application,  while  a  schematic  diagram  for  a 
trigeneration  system  is  shown  in  Fig.  8. 

Smolen  and  Budnik- Rodz  [46]  evaluated  the  usage  of  cogenera¬ 
tion  systems  with  microturbines.  In  their  study,  they  depended  on 
the  fact  that  the  efficiency  of  microturbines  does  not  considerably 
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Fig.  7.  Schematic  diagram  of  a  microturbine  cogenrative  system  [10]. 


Fig.  8.  Microturbine  in  combined  power  and  heat  application  [27], 


change  with  load  variation,  especially  for  loads  greater  than  50%  of 
the  full  load.  For  the  purpose  of  their  study,  its  value  is  considered 
constant.  A  real  case  was  analyzed  to  study  the  feasibility  of  using 
microturbine  for  cogeneration  purposes  (with  and  without  cooling). 
From  their  study,  the  cost-effectiveness  of  utilization  of  microtur¬ 
bines  for  cogeneration  purposes  is  proven.  They  concluded  that 
although  the  cost  effectiveness  appears  for  both  cases  of  analysis]  - 
with  and  without  cooling),  the  most  effective  option  is  the  option 
without  cooling.  In  Ref.  [47],  the  authors  presented  a  daily  simulation 
model  to  analyze  the  operation  of  natural  gas  microturbine  for 
residential  applications.  In  their  study,  two  configurations  were 
analyzed.  In  the  first  configuration,  the  system  is  tailored  to  meet 
the  thermal  demand  of  the  load,  while  in  the  other  configuration;  the 
system  is  tailored  to  meet  the  electrical  demand  of  the  load. 
They  concluded  that  for  the  first  configuration,  there  is  a  need  to 
buy  electricity  from  the  grid,  while  for  the  second  configuration; 
the  excess  in  thermal  energy  is  released  to  the  atmosphere. 
They  concluded  that  an  economic  analysis  shall  be  done  to  compare 
the  two  options  and  therefore  the  optimal  choice  will  be  chosen. 

Interest  in  combined  heat  and  power  technologies  has 
increased  over  the  past  years.  The  combined  heat  and  power 
systems  have  a  potential  for  different  residential,  commercial  and 
industrial  applications.  The  different  generation  technologies  can 
provide  both  heat  and  power  in  their  generation  processes.  In 
Ref.  [26],  different  graphs  and  tables  were  presented  for  compar¬ 
ison  purposes  between  different  technologies  that  provides  com¬ 
bined  heat  and  power.  Table  3  summarizes  part  of  their  results 
that  compare  between  these  different  technologies  with  regard  to 
costs  and  efficiencies.  This  comparison  was  done  on  the  basis  of 
actual  data  in  year  2002,  and  expected  data  in  year  2020. 
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Table  3 

Costs  and  efficiencies  of  different  generation  technologies. 


Technology 

Data  2002 

Expected  data  2020 

Price  ($/kW) 
($1999) 

Electrical  efficiency* 

(%) 

Thermal  efficiency* 

(%) 

Price  ($/kW) 
($1999) 

Electrical  efficiency* 

(%) 

Thermal  efficiency* 

(%) 

Microturbine  100  kW 

1970 

25.7 

45 

915 

36 

46 

Fuel  cells  200  kW 

3674 

36 

58 

1433 

50 

49 

Combustion  turbine  (1  MW) 

1600 

21.9 

64 

1340 

28 

63 

Combustion  turbine  (10  MW) 

965 

29 

63 

830 

38 

58 

Internal  combustion  engine 

1390 

28 

31 

990 

31 

71 

(100  kW) 

*  Efficiency  calculations  are  based  on  the  HHV  of  the  fuel. 


Table  4 

Recent  researches  studying  integration  of  microturbines  in  distributed  generation  systems. 


Reference  Year 


[42] 

2012 

[45] 

2012 

[12] 

2010 

[40] 

2010 

[41] 

2010 

[4] 

2009 

[43] 

[44[ 

2009 

2009 

[47] 

2007 

[38] 

[46] 

2005 

2005 

Study/domain 


Hybrid  system  consisting  of  wind  turbine,  microturbine,  tidal  turbine  and  battery  storage;  dynamic  modeling  analysis; 
optimal  sizing;  energy  management;  fuel  consumption  modeling 

Hybrid  system  consisting  of  wind  turbine,  microturbine,  diesel  generator,  PV  array,  fuel  cell  and  battery  storage;  size 
optimization;  effectiveness  to  meet  load  demand 

Hybrid  system  consisting  of  wind  turbine,  microturbine,  solar  array  and  battery  storage;  dynamic  modeling  analysis; 
optimal  sizing  of  different  components 

Microturbine  with  solid  oxide  fuel  cell  coupled  in  the  same  thermodynamic  cycle;  study  of  effect  of  this  on  global 
efficiencies  and  gas  emissions  of  both 

Microturbine  with  solid  oxide  fuel  cell  coupled  in  the  same  thermodynamic  cycle;  study  of  effect  this  on  efficiency  at 
partial  load  operation 

Microturbine  with  fuel  cell;  study  of  load  sharing  between  the  two  sources;  study  of  ability  to  follow  load  changes 

Hybrid  system  consisting  of  PV  and  cogeneration  system;  effect  of  this  on  PV  penetration  and  reducing  energy  waste 
Hybrid  system  consisting  of  wind  turbine  and  microturbine;  dynamic  modeling;  energy  dispatch  strategy;  load  sharing 
between  two  sources 

Microturbine  for  residential  applications;  study  of  its  ability  to  follow  thermal  and  electrical  demands;  need  to  purchase 
electricity  from  the  grid 

Microturbine  with  solid  oxide  fuel  cell  coupled  in  the  same  thermodynamic  cycle;  study  of  effect  of  this  on  features  of  both 
Cogeneration  systems  with  microturbines;  feasibility  of  using  microturbines  for  cogeneration  purposes 
(with  and  without  cooling);  economic  analysis 


Application 


Standalone 

Microgrid 

Standalone 

Microgrid 

Standalone 

Standalone  or 
micro  grid 
Grid-connected 
Standalone 

Grid-connected 

Standalone 

Standalone 


The  cost-effectiveness  of  utilizing  microturbines  for  cogeneration 
systems  has  been  proved  according  to  the  previous  review.  This 
advantage  with  other  technical  and  environmental  advantages  of 
microturbines  shall  encourage  for  more  penetration  of  this  technology 
in  different  types  of  applications.  As  mentioned  in  the  previous 
subsection,  most  of  research  studies  focus  on  the  electrical  output 
of  the  microturbines.  Investigating  the  effectiveness  of  utilizing  the 
thermal  energy  requires  more  research.  The  additional  cost  of  the 
cogeneration  section  and  its  effect  on  the  total  cost,  amount  of 
thermal  energy  generated  and  its  relation  with  the  electrical  output 
are  among  the  issues  that  shall  be  addressed  in  these  research  studies. 

As  a  summary  of  this  section,  Table  4  presents  for  different 
reviewed  studies  concerning  hybridization  microturbines  with 
different  technologies  under  different  modes  of  operation. 
Domain  and  contributions  of  each  are  also  included  in  this  table. 


5.  Environmental  considerations  of  operation  of 
microturbines 

One  of  the  most  important  points  that  enhances  the  penetra¬ 
tion  and  adoption  of  microturbines  as  a  main  source  in 
distributed  generation  systems  is  the  environmental  concerns. 
As  previously  mentioned,  one  of  the  attractive  benefits  of  micro¬ 
turbines  is  its  limited  emission  of  pollutants  compared  to  con¬ 
ventional  power  plants  [1,4,11,14,15,22,27,29,33,38,43,44,46-49], 
In  Refs.  [14,15],  it  is  specified  that  the  NOx  emissions  are  lower  than 


7  ppm  for  natural  gas  microturbines.  Medrano  et  al.  [22]  presented  in 
a  table,  the  emissions  of  C02  and  NOx  gases  for  different  energy 
sources.  For  microturbine,  it  is  0.000318  kg  NOx/kWhe  and  0.682  kg 
C02/kWhe  generated.  In  Ref.  [13],  a  table  summarizes  NOx  and  C02 
emissions  for  different  generation  technologies.  Compared  to  other 
fossil  fuels,  the  microturbines  have  the  least  NOx  emissions,  while  C02 
emissions  are  approximately  similar  to  other  sources.  The  authors  of 
[33]  presented  different  results  for  the  measurements  of  CO  and  NOx 
emissions  for  different  load  levels.  In  this  study,  it  is  concluded  that  to 
minimize  emissions,  it  is  advantageous  to  operate  microturbine  to 
supply  loads  in  the  range  50%  to  100%  of  its  rated  power.  In  Refs. 
[38,43],  it  was  concluded  that  the  importance  of  involving  micro¬ 
turbines  within  a  hybrid  system  to  minimize  different  emissions. 
Colombo  et  al.  [50]  studied  and  analyzed  emissions  of  a  cogeneration 
system  based  on  a  microturbine.  NOx,  S02,  CO  and  C02  emissions  are 
taken  into  consideration  in  this  study  for  different  load  levels.  It  was 
concluded  that  emission  levels  depend  on  output  power.  Concentra¬ 
tions  of  S02  and  CO  decrease  as  the  output  power  increases,  while 
concentrations  of  NOx  and  C02  slightly  increase  as  the  output  power 
increases.  Ref.  [51  [presents  typical  values  for  emissions  for  different 
microturbine  ratings.  For  NOx,  the  highest  concentration  registered 
was  9  ppm  (volume  basis),  and  it  is  for  a  28  kW  microturbine,  for 
other  higher  ratings,  it  takes  lower  values.  Canova  et  al.  [52] 
concluded  that  NOx  and  CO  pollutants  emitted  as  a  result  of  operating 
microturbines  as  a  combined  heat  and  power  unit  using  natural  gas 
fuel  is  smaller  compared  to  the  case  where  the  heat  and  electricity  are 
generated  separately.  This  is  also  applicable  for  C02  pollutant. 
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Qian  et  al.  [53]  analyzed  the  consideration  of  environmental 
effect  on  the  cost  of  generation.  They  concluded  that  a  great  deal 
for  pollutant  emissions  has  to  be  paid  if  environmental  costs  are 
considered  for  traditional  fossil-fuel  plants.  This  will  make  dis¬ 
tributed  generation,  depending  on  microturbines;  compete  with 
large  fossil-fuel  plants.  They  also  concluded  that  the  development 
of  distributed  generation,  depending  on  microturbines  or  other 
sources  should  be  accelerated  if  the  environmental  value  of  the 
pollutant  emissions  is  considered.  Gomes  et  al.  [54]  obtained  their 
results  from  experimental  tests  on  microturbines  operating  at  full 
load  and  partial  loads  using  natural  gas  fuel.  Their  results 
illustrate  that  NOx  and  CO  pollutant  emissions  are  less  than 
7  ppm  (volume  basis).  This  enables  implementation  of  these  units 
among  residential  and  commercial  establishments.  Their  results 
also  show  that  the  highest  efficiency  is  achieved  at  full  load,  and 
remains  almost  constant  until  the  load  is  below  50%.  The  same 
conclusion  appears  in  [52].  Moreover,  according  to  [52],  it  is 
advised  by  many  manufactures  to  switch  off  the  microturbine 
unit  if  the  output  drops  below  50%,  where  the  performance  falls 
rapidly  and  consistently  below  this  partial  load  operation. 

Ref.  [26]  presented  different  graphs  for  comparison  purposes 
between  the  different  technologies  considering  gaseous  emissions. 
Table  5  summarizes  part  of  these  presented  results.  In  Refs.  [51,53], 
different  tables  were  presented,  that  summarizes  the  typical  costs 
and  performance  characteristics  of  different  combined  heat  and 
power  technologies.  Table  6  presents  part  of  these  results. 


6.  Standards  and  regulations 

The  world  demands  environmentally  friendly  generation  sys¬ 
tems.  PV  panels,  wind  turbines,  microturbines  and  fuel  cells  are 


the  most  popular  environmentally  friendly  generation 
sources[39,55,56[.  During  the  G8  Summit  in  St.  Petersburg 
(2006),  the  members  stated  that  to  reduce  global  energy  security 
risks,  a  diversification  of  the  energy  mix  should  be  adopted  [57]. 
This  calls  for  different  standards  and  regulations  covering  differ¬ 
ent  issues.  These  standards  relate  safety  and  performance  of  the 
distributed  generation  products  themselves,  as  well  as  their 
connection  and  synchronism  operation  with  the  grid.  This,  in 
turn,  will  facilitate  the  penetration  of  new  distributed  generation 
into  existing  distribution  networks.  These  regulations  shall  be 
carefully  crafted  to  ensure  access  to  all  advantages  of  distributed 
generation,  and  it  shall  also  cover  the  technical  aspects,  as  well  as 
the  economic  aspects. 

On  top  of  the  local  benefits  that  are  provided  by  the  distrib¬ 
uted  generation  to  its  owner,  it  also  offers  additional  options  for 
utilities,  such  as  there  duction  in  greenhouse  emissions,  the 
increase  in  energy  efficiency,  the  sharing  of  renewable  sources 
in  energy  consumption,  and  the  sharing  in  transport  sector.  These 
are  the  four  targets  that  endorsed  by  Brussels  European  Council 
(March  2007).  The  increase  in  the  deployment  of  distributed 
generation  will  contribute  effectively  to  achieve  these  policy 
goals.  Moreover,  this  will  constitute  a  key  element  for  achieving 
the  three  objectives  of  European  energy  policy  (competitiveness, 
sustainability  and  security  of  supply)  [58]. 

Despite  many  benefits  associated  with  distributed  generation, 
the  integration  of  distribution  to  the  utility  grid  may  also  add  to 
the  cost  and  complexity  of  grid  operation.  This  complexity 
depends  on  the  technology,  time  and  site  [58]. 

Martel  and  Turcotte  [59]  listed  in  tables  different  product 
standards  for  new  distributed  generation  systems.  The  standards 
are  both  for  domestic  and  international  applications.  They  also 
listed  the  international  level  standards  that  regulate  installation 


Table  5 

Gaseous  emissions  for  different  generation  technologies. 


Technology 

Emissions  (kg/MW  h) 

NO* 

so* 

co2 

Recuperated  microturbine  (100  kW) 

0.200 

0.004 

723.946 

Fuel  cells  (200  kW) 

0.014 

Neglected 

488.981 

Large  gas  turbine  (70  MW) 

0.268 

0.003 

581.062 

Large  gas  combined  cycle  (500  MW) 

0.027 

0.002 

351.994 

Catalyst  gas-fired  rich  burn  internal  combustion  engine 

0.227 

0.003 

624.154 

Controlled  diesel  engine 

2.132 

0.206 

649.555 

Table  6 

Costs  and  performance  characteristics  of  different  generation  technologies. 


Quantity 

Technology 

Microturbine 

Gas  turbine 

Reciprocating  turbine 

Steam  turbine 

Fuel  cells 

Electrical  efficiency*  (%)  [50] 

18-27 

22-36 

22-40 

15-38 

30-63 

Overall  efficiency*  (%)  [50] 

65-75 

70-75 

70-80 

80 

55-80 

Typical  capacity  (MW)  [50] 

0.03-0.25 

0.5-250 

0.01-5 

0.5-250 

0.005-2 

Installed  cost  (2007  $/kW)  [50] 

2400-3000 

970-1300 

1100-2200 

430-1100 

5000-6500 

Operation  and  maintenance  costs  (2007  $/l<W  h)  [50] 

0.012-0.025 

0.004-0.01 1 

0.009-0.022 

<  0.005 

0.032-0.038 

Generation  cost  (2007  $/l<Wh)  [52] 

0.075-0.100 

0.045 

0.055-0.100 

0.045 

0.100-0.150 

Generation  cost  considering  environmental 
costs  (2007  $/l<W  h)  [52] 

0.0785-0.104 

0.168 

0.0632-0.108 

0.168 

0.165-0.215 

Start-up  time  [50] 

60s 

10  min-1  h 

10s 

1  h-1  day 

3  h-2  days 

NO*  (kg/MW  h)  [50] 

0.023-0.0558 

0.0558-0.0776 

0.020 

0.154-1.86 

(according  to  fuel  type) 

0.0039-0.0062 

*  Efficiency  calculations  are  based  on  the  HHV  of  the  fuel. 
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of  distributed  generation  to  the  distribution  and  transmission 
systems.  One  of  the  standards  that  were  adopted  by  different 
suppliers  in  the  field  of  distributed  generation  is  IEEE  1547 
standard.  This  standard  was  prepared  in  year  2003,  and  after 
that,  was  followed  by  different  modifications  and  supplementary 
parts.  This  standard  is  for  interconnecting  distributed  resources 
with  the  electric  utility  grid.  Authors  of  Refs.  [59-62]  presented  a 
brief  description  of  this  standard.  Vaziri  et  al.  [60]  presented  the 
key  standards  that  regulate  the  interconnection  process,  and  all 
requirements  needed  for  that.  The  report  prepared  by  Narragan- 
sett  Electric  Company  [62]  presented  in  detail  the  whole  proce¬ 
dure  to  connect  a  distribution  generator  source  to  a  utility 
network.  Moreover,  the  report  lists  different  interconnection 
requirements  needed  to  make  the  interconnection.  These  require¬ 
ments  include  the  design  considerations  (voltage,  frequency, 
noise  and  harmonics),  protection  requirements,  operating 
requirements  and  insurance  requirements. 

Regulating  barriers  are  issues  that  authors  of  [63]  addressed  in 
their  report.  They  summarized  these  barriers  in  their  report  and 
divide  them  to  technical,  economic  and  environmental  barriers. 
Martel  and  Turcotte  [59]  concluded  that  despite  the  work  done  to 
develop  national  and  international  consensuses,  more  is  needed 
in  order  to  facilitate  the  deployment  of  the  distributed  generation 
in  Canada.  Vaziri  et  al.  [60]  concluded  that  further  studies  will  be 
needed  as  more  distributed  generation  resources  get  intercon¬ 
nected  to  utility  grids,  while  Ropenus  et  al.  [58]  concluded  that 
different  strategies  shall  be  adopted  to  promote  electricity  from 
distributed  generation  that  depends  on  renewable  energy  sources 
and  combined  heat  and  power.  These  strategies  are  relevant  to 
feed-in-tariff,  various  network  regulations,  incentive  regulations 
and  economic  standards. 


7.  Conclusions 

Integrating  renewable  energy  sources  with  a  backup  source  to 
supply  a  load  is  recognized  as  a  viable  solution  for  different 
applications.  This  system  achieves  the  best  use  of  operating 
characteristics  for  different  components  at  higher  efficiencies, 
lower  pollutant  emissions  and  higher  reliability.  If  this  backup 
source  is  microturbine,  these  merits  will  be  more  obvious  because 
it  produces  electricity  and  heat,  and  generally  uses  fuel  with  less 
pollutant.  This  hybrid  system  overcomes  any  challenges  of 
renewable  source  fluctuations,  and  in  most  cases,  minimizes  a 
need  for  an  energy  storage  system.  Connecting  this  hybrid  system 
as  a  distributed  generation  with  the  grid  utility  will  surely 
enhance  the  benefits.  This  will  realize  the  substantial  reliability 
and  economic  benefits  and  serves  all  relevant  parties.  However, 
more  research  and  development  regarding  modeling,  design, 
optimization  and  standards  are  still  needed. 

This  paper  has  reviewed  the  adoption  of  this  technology,  its 
deployment,  barriers  that  it  faces  and  recommendations  through 
reviewing  different  research  work  regarding  these  different 
issues.  Modeling  of  the  microturbine  is  carried  out  on  both  the 
dynamic  and  steady  state  behavior.  Most  of  the  reviewed  works 
focuses  on  dynamic  behavior  modeling  of  the  microturbine  in  its 
standalone  operation,  or  with  other  sources  within  a  hybrid 
system.  The  commonly  used  model  of  the  microturbine  which 
models  its  dynamic  behavior  is  called  CAST  model.  This  model 
takes  into  account  speed  control,  fuel  control  and/or  temperature 
and  acceleration  controls.  The  results  of  simulation  of  this  model 
illustrate  its  applicability  to  simulate  the  operation  accurately. 
Other  similar  models  are  used  by  other  authors.  Economical  (fuel 
consumption)  modeling  can  be  found  in  some  of  research  works, 
and  in  their  economical  modeling  of  the  microturbine,  the 
authors  depend  on  the  curves  prepared  by  the  manufactures. 


These  curves  differ  between  manufacturers.  In  these  curves,  some 
manufactures  relate  the  efficiency  to  output  power,  while  others 
relate  fuel  consumption  to  output  power.  These  curves  are 
microturbine  specific.  An  approximate  generalized  economic 
model  can  be  derived  from  these  curves.  This  is  true,  since  after 
revision  of  curves  of  different  manufactures,  and  for  different 
ratings  from  the  same  manufacturer,  it  seems  that  to  a  large 
extent,  they  behave  similarly,  and  it  is  something  worth  looking 
into  in  future  works.  According  to  the  review  carried  out  in  this 
paper,  the  microturbine  has  attractive  features  from  different 
point  of  views  and  in  different  modes  of  operation,  which 
encourages  investors,  utilities,  and  consumers  to  adopt  this 
technology.  Another  general  conclusion  that  different  research 
works  in  this  review  have  pointed  out  is  that  utilizing  micro¬ 
turbine  with  PV  panels  as  a  hybrid  system  will  enhance  the  PV 
penetration  level  as  a  source  for  different  applications.  Research 
that  supports  the  development  of  new  technology  for  implement¬ 
ing  microturbines  in  distributed  generation,  addresses  the  bar¬ 
riers  that  are  associated  with  this  implementation,  increases 
efficiency  and  reliability,  reduces  costs  and  emissions  and  devel¬ 
ops  national  and  international  standards  and  regulations. 

The  following  comments  were  highlighted  from  different 
reviewed  studies: 

-  There  is  still  a  need  for  a  safe,  efficient,  low  cost  and  clear 
process  for  interconnection  of  the  microturbine  to  grid  utility. 

-  There  is  still  a  need  for  the  regional  requirement  for  products 
to  meet  market  needs. 

-  Including  a  carbon  tax  that  targets  carbon  rich  fuels  to  the 
pricing  of  energy  can  increase  the  deployment  of  microturbine 
applications. 

-  Using  an  absorption  chiller  to  recover  waste  heat  from  micro¬ 
turbine  will  improve  the  overall  efficiency  of  the  system,  and 

-  More  incentives  to  natural  gas  distribution  companies  will 
encourage  more  investments  in  microturbine  technology. 
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